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Introduction
The economic literature has provided robust evidence indicating that the adoption of information and communication technologies (ICT) has positively affected productivity at aggregate and firm levels. 1 Given the rapid technological progress observed in the production of ICT and the uncertainty and costs associated with their implementation, it is not surprising that the benefits of ICT are not equally distributed among adopting firms. As some firms reap those benefits sooner and better than others, the adoption of ICT represents a source of firm heterogeneity that might generate competitive advantages, affect firm strategies and/or influence aggregate productivity growth. 2 This paper empirically studies how the adoption of ICT affects firm heterogeneity and how such (ICT induced) heterogeneity impacts R&D incentives. The analysis is based on two established results from the empirical literature on the analysis of productivity at the firm level. The first result shows that there exist high and persistent firm level productivity differences within industries (i.e. firm heterogeneity). 3 Moreover, those differences explain the process of creative destruction where more productive firms grow faster, exhibit a higher probability of survival and displace low productivity firms. 4 The second result in the literature has documented how the adoption of ICT has a significant, positive impact on productivity at the firm level. 5 Although the latter suggests that ICT impacts firm heterogeneity, the main contribution of this paper is to account for the role of ICT on specific measures of firm heterogeneity.
If the adoption of ICT is expected to affect firm heterogeneity, and firm heterogeneity in turn explains the process of creative destruction within industries, then the estimated ICT induced heterogeneity should be also related to additional firm strategies relevant for firm survival. The present analysis empirically assess the impact of the recovered ICT induced heterogeneity on one of such strategies: firm specific R&D incentives. Even though firm level competitiveness and survival depends on a wide range of factors, it has been widely recognized that innovative efforts are at the core of successful firm level strategies to tackle competition. 6 In the literature, R&D incentives are viewed as strategies that allow firms to differentiate themselves with respect to their competitors through their impact on firm 1 See Draca et al. (2007) , van Ark et al. (2008) and Jorgenson et al. (2008) . Defining firm heterogeneity as the deviation of a firm's productivity level from a given industry benchmark, this paper shows that ICT has a robust, positive impact on firm heterogeneity only when ICT is used intensively and jointly with specific ICT applications. That is, through their use of ICT, firms are able to differentiate themselves (positively and negatively) with respect to other firms belonging to the same economic sector. This result is shown to be robust to different empirical strategies. In addition, the analysis also shows that ICT induced heterogeneity is not innocuous: it has a significant and positive, albeit small, impact on the incentives to innovate. In particular, ICT induced heterogeneity is shown to positively affect the decision to invest in R&D personnel.
The intuition behind this result states that firms are able to deviate from their competitors in terms of productivity and through ICT only when the adopted infrastructure is large enough (i.e. intensive use of PC accompanied by specific ICT applications). Given the costs and resources required for the adoption of such infrastructure, positive deviations result from the positive organizational impact of successful implementation of ICT (e.g. optimized internal processes), while negative deviations are associated with adoption costs that are not compensated by the benefits attached to the ICT infrastructure implemented (e.g. long term benefits not yet obtained). As firms in practice might employ several market strategies to differentiate themselves with respect to their competitors, it is not surprising that ICT induced heterogeneity is positively correlated with other market strategies such as R&D investments.
7 See Griliches (1995), Crepon et al. (1998) and Hall et al. (2008) .
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The paper is organized as follows. The second section discusses related literature. The third section presents the details of the empirical strategy. The fourth section summarizes the main results of the paper. Finally, the fifth section concludes.
Related Literature
This paper is related with two strands of literature. First, there is a voluminous literature that documents the existence and persistence of firm heterogeneity in terms of productivity.
This literature has been reviewed in Bertelsman and Doms (2000) , and highlights the role of several supply-side production factors that determine productivity at the firm level. For instance, technology shocks, management skills, R&D investments, among others, are shown to affect firm level productivity in traditional production function estimation approaches.
In addition, Syverson (2004) studies the impact of demand-side factors that determine differences in observed productivity levels. In particular, he finds evidence of the negative impact of product substitutability within an industry on the dispersion of its productivity distribution. The lower the product substitutability within an industry, the more low productivity firms are able to stay in business and the higher the corresponding dispersion of the industry's productivity distribution.
This literature has also considered the role of ICT in determining firm level heterogeneity. 8
In that literature, the estimated positive impact of ICT on productivity is recovered as the coefficient on a proxy for ICT capital from a production function estimation. That is, ICT is shown to increase the central tendency of the conditional productivity distribution but is silent about the effect of ICT on the dispersion of this distribution. Moreover, negative and positive impact of ICT are averaged out, making impossible to identify the potential negative impact of ICT and its consequences for firm strategies. This paper presents a measure of firm heterogeneity that explicitly accounts for the dispersion of the productivity distribution, allowing the analysis of the role of ICT use on firm heterogeneity. In particular, firm heterogeneity is defined as the deviation of a firm's productivity level from a given industry benchmark. In consequence, the adopted measure exhibits two main advantages with respect to the existing literature. On the one hand, it permits to directly account for the role of ICT on firm heterogeneity in a way that cannot be inferred 8 See Bresnahan et al. (2002) , Brynjolfsson and Hitt (2003), and Bloom et al. (2008) .
6 from existing production function estimation. On the other hand, the economic literature has shown how firm heterogeneity (as previously defined) actually explains a great variety of strategic decisions at the firm level as the following literature review shows.
The second strand of literature related with the present paper analyzes the impact of firm heterogeneity on firm strategies. Although there is a voluminous literature in this area, the relevant work for the present paper corresponds to the analyses that considered similar measures of firm heterogeneity from an empirical perspective. For instance, firm decentralization decisions are theoretically and empirically explained by the role of firm heterogeneity (Acemoglu et al., 2007) and the nature of the relationship between innovation and competition depends on the level of firm heterogeneity (Aghion et al., 2005) .
More specifically, defining the distance to the technological frontier as the difference between a firm's productivity level and the highest productivity level observed in the same industry They show, theoretically and empirically, that firms closer to the technological frontier are more likely to choose decentralization. The intuition behind this result states that these firms deal with newer technologies about which there is less information available. In consequence, a decentralized structure allows them to benefit from better informed managers (as opposed to principals).
In addition, and developing additional measures of firm heterogeneity, the paper shows how firms in more heterogeneous environments are also more likely to be decentralized because firm heterogeneity makes learning (i.e. how to exploit a new technology given the experience of others) more difficult. In a sequence of papers, Acemoglu et al. (2003) , Aghion et al. (2005) , Acemoglu et al. (2006) and Aghion et al. (2006) use similar measures of heterogeneity in order to study, among other topics, the relationship between innovation, entry, credit constraints and competition. Essentially, these papers highlight the role of firm heterogeneity as a main driver of industry evolution. 9
In a different approach, Chun et al. (2008) directly estimate the impact of ICT use on firm heterogeneity for a panel of U.S. firms from 1971 to 2000. They find that elevated heterogeneity in firm performance (i.e. variability in labor productivity) is positively and significantly correlated with the use of ICT (i.e. ICT capital stock). The results also show that firm heterogeneity is associated with faster productivity growth. They argue that the results provide evidence of creative destruction (i.e. increased competition) at the firm level. That is, through their use of ICT, more productive firms displace less productive firms. However, their results can only be recovered at the industry level and do not permit the analysis of their impact on firm strategies. This paper contributes to this literature by explicitly considering the impact of ICT on productivity heterogeneity at the firm level, analyzing the consequences for specific firm strategies relevant to the process of creative destruction (i.e.
R&D incentives).
3 Empirical Analysis
Data
The analysis is based on two waves of a business survey carried out by the Centre for European The data set is a representative sample of the German manufacturing and service sector, and contains detailed information on the economic characteristics, performance and ICT use for 4,400 firms in each wave. Table 1 provides some descriptive statistics for the year 2003.
In general, and in line with similar data sets at the firm level, the surveyed firms evidence a great variability with respect to sales (in millions euros), number of employees and labor productivity calculated as the ratio between sales and number of employees. In addition, the empirical distribution of the reported sales, as well as the number of employees appear to be left skewed. The median size of the surveyed firm corresponds to 50 employees, whereas the average is about 337.7 employees. This indicates the presence of few very large companies in the data.
Analogously, the median value of sales is 7 millions with an average of 131.7 millions. The same also holds for the distribution of labor productivity where the median and the mean are 0.13 and 0.24 millions per employee, respectively. This skewness present in the distributions of the reported data is consistent with empirical analyses at the firm level. Table 1 also includes information about the use and intensity of ICT. The intensity in the use of ICT is measured by the percentage of employees working mainly with a PC (PCW) and is nearly equally distributed around the different percentiles. In addition, the data also provides information about different ICT software applications, namely enterprise resource planning (ERP), supply 8 chain management (SCM) and customer relationship management (CRM). Table 2 shows how the use of these different ICT applications are related with different firm characteristics. These firm characteristics (e.g. sales and number of employees) vary if the firm uses ICT more intense than the median (i.e. PCW greater than 50%) or introduced ICT applications. Specifically, the table shows that the intense use of ICT, as well as the introduction of different ICT applications, is correlated with higher firm performance in terms of sales, number of employees and labor productivity. However, it should be noted that standard deviations are high through all the data, which indicates a high level of heterogeneity.
For example, the surveyed firms evidence 338 employees on average, whereas companies using ERP, SCM or CRM tend to be larger with 518, 518 and 627 average number of employees, respectively. The same can be observed in terms of sales. Firms using ICT applications or using ICT more intensively were more likely to exhibit higher sales. The average level of sales over all firms is 131.7 millions euros, whereas companies using CRM, SCM or ERP evidence 205.9, 222.8 and 209.2 millions, respectively. In general, these statistics show that firms using ICT more intensively tend to be larger than their counterparts.
Moreover, firms that use ICT more intensively and that introduce ICT applications do not only tend to be larger, but more efficient than other firms. In terms labor productivity (i.e. ratio between sales and number of employees), it can be seen that the average is 0.24 million euros per employee. This is higher for firms using ICT more extensively. Specifically, companies using ICT more intensively (i.e. PCW greater than 50%) exhibit a labor productivity of 0.31 millions euro per employee. Moreover, companies using CRM exhibit on average 0.27 millions euro per employee, while those using SCM and ERP evidence 0.26 millions and 0.27 millions per employee, respectively.
In addition to these general characteristics, the data also contain information regarding the innovation activities of the sampled firms. For instance, as a proxy for innovation incentives, the data contain information on the fraction of employees working on R&D activities in 2006 (i.e. R&D intensity). The mean value of this variable is 0.17 with a median equal to 0.09, indicating a left-skewed distribution.
In addition, information on innovation outputs is also available. This includes dummy variables indicating whether the firm introduced product or process innovations during the pe- The measure of ICT intensity, percentage of employees working with a PC (PCW), is positively correlated to all measures of innovation. This does not hold for the ICT applications considered. For instance, ERP use is related to a slightly higher amount of the value of process innovations, while the value of product innovations slightly decreases from 27.4% to 25.8%. The fraction of employees working on R&D activities (i.e. R&D intensity), however, is decreasing from 21.7% to 14.9% for firms that adopted ERP. This is different for the case of CRM use. The value of product innovations, the value of process innovations and R&D intensity are positively related with CRM adoption.
From the data set, the measure of firm heterogeneity at the firm level is constructed as the absolute value of the deviation of a given firm labor productivity, with respect to the median labor productivity in its corresponding industry. Deviations are taken in absolute values to derive a measure of heterogeneity associated with the dispersion of the productivity distribution. Labor productivity is computed as the ratio between sales and number of employees reported by the firms for a given year. 10
Note that by taking absolution values positive, as well as negative deviations are treated equally. Table 3 presents a quantile regression analysis of the firms' specific deviations (i.e. without taking absolute values) that further motivate the adopted measure of firm heterogeneity previously defined. The table shows that when used intensively, ICT induce positive deviations for quantiles above the median. That is, the marginal effect of ERP, conditional on high values of PCW, is positive for quantiles above the median (i.e. columns 4-5), increasing the firm specific's deviation. In contrast, for quantiles below the median, ICT use reduces such deviation (i.e. column 2).
In addition to a positive correlation between productivity and ICT, there are also correlations between the intensity of ICT and firm heterogeneity. If firms use ICT intensively, they tend to deviate more from the median sector productivity (i.e. evidence more heterogeneity). Firm heterogeneity is also correlated to other firm characteristics. For instance, innovation tend to be positively correlated with firm heterogeneity.
Empirical Strategy
As mentioned before, the measure of firm heterogeneity at the firm level is constructed as the absolute value of the deviation of a given firm labor productivity, with respect to the median labor productivity in its corresponding industry. Moreover, ICT intensity is captured by the percentage of employees that work mainly with a PC (PCW). A set of dichotomous variables showing the adoption of different ICT applications such as enterprise resource planning systems (ERP), supply chain management (SCM) and customer relationship management software (CRM) is also available.
Additionally, the data includes information on the innovative inputs (i.e. R&D) and outputs (i.e. innovations introduced to the market) of the sampled firms. In the present analysis, the fraction of total employees that is engaged in R&D activities is used as a measure of the incentives to invest in R&D personnel (i.e. innovative activity). Additional general information at the firm and sectoral level is also included.
The empirical analysis follows a two stage strategy. In the first stage the direct effect of ICT on firm heterogeneity is estimated. This stage is implemented using OLS regressions, although the results are robust to different methods. In the second stage, the analysis follows an instrumental variables approach, where firm heterogeneity is instrumented by different measures of ICT use (providing a measure of ICT induced heterogeneity) and then related with the firms' R&D incentives.
Equations (1) and (2) describe the general relationship between ICT, firm heterogeneity (H ) and innovation incentives (I ) and highlight the two stage instrumental variable strategy.
The key identification assumption corresponds to the exclusion of ICT from equation (2).
As discussed in the introduction, ICT generates firm heterogeneity, which in turn affect firm strategies. Therefore, it is assumed that ICT affects innovation incentives only through their impact on firm heterogeneity. Different statistical tests support this assumption.
Specifically, H i,t is the measure of firm heterogeneity for firm i in t, which corresponds to the The analysis considers alternative functional forms for f (·) and g(·). In particular, the first stage assumes a linear specification for f (·) and the main results are presented in Table 4 .
The results are robust to nonlinear considerations of f (·). In order to consider this possibility, a nonparametric analysis was performed. The analysis of the second stage also considered a linear specification for g(·). However, given the censoring present in the R&D data available, a (nonlinear) Tobit model was also considered. In addition, in order to check the robustness of the results, an alternative semiparametric approach with a nonparametric first stage was also implemented (see Appendix A and B). The results of the second stage are presented in Table 5 . Alternative robustness tests considering different samples (as it will be clear below), as well as different types of information regarding innovation activities were also performed.
Results
The analysis of the first stage is presented in Table 4 . In particular, the objective of the first stage is to consider the relationship between the intensity of ICT use and firm heterogeneity, controlling for different firm characteristics that might influence such relationship. Table 4 present the analysis by means of ordinary least squares regression, which amount to assume a liner functional form for f (·) in equation (1). The results presented in Table 4 are robust to nonlinear considerations of f (·). In order to consider this possibility, a nonparametric analysis was performed.
In particular, the specification considered in column 1 of Table 4 estimates the direct impact of the intensity of ICT use in 2003 on the firm heterogeneity observed in 2006. The coefficient on ICT shows no impact on the observed firm heterogeneity, suggesting no independent impact of the intensity of ICT use. In order to account for the potential persistence in firm heterogeneity derived by the persistence in productivity differences, column 2 includes a set of dummy variables that locate each firm into the corresponding quartile of its sector specific productivity distribution. As can be observed, the result of column 1 is maintained with the specification presented in column 2.
However, as highlighted by the economic literature, the adoption of ICT implies reorganization at the firm level in order to exploit the benefits of the ICT implementation. One dimension of potential complementary investments required to exploit the gains of ICT corresponds to the introduction of ICT (software) applications. By introducing specific ICT applications, a given firm might achieve a minimal ICT infrastructure needed to reap the benefits of the investments in computers and software.
In order to consider this possibility, the specification presented in column 3 includes specific ICT applications adopted by the sampled firms. In particular, EPR and SCM systems described previously are included. The hypothesis behind this specification states that the impact of ICT on firm heterogeneity does not only depend on the presence of ICT equipment, but also on the way such infrastructure is used. However, as the results shown in columns 1 and 2, the coefficients on ICT intensity and ICT applications show no independent impact on ICT on firm heterogeneity. complementarity between the different components of the ICT infrastructure adopted at the firm level. That is, the impact of the intensity of ICT on firm heterogeneity is conditional on the presence of ERP systems. In other words, there is a critical infrastructure needed in order for ICT to differentiate a firm with respect to his competitors (i.e. induce firm heterogeneity).
Note that if ICT is not used intensively, the marginal effect of the ERP applications on firm heterogeneity is negative because the independent impact of ERP is negative (coeff: -0.11, std. error: 0.05).
Column 5 considers and alternative hypothesis to the one presented in column 4. In particular, it investigates the existence of complementarities in the introduction of ICT, but on different ICT applications. It considers the interaction term between PCW and SCM. As can be clear from the results presented in the table, the complementarity argument does not hold for this type of application. Moreover, additional results not reported in Table 4 show that the outcome of column 4 also extends to the consideration of the interaction term between PCW and CRM.
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This result is not surprising at least for two reasons. First, the ERP application is a generic general purpose software in comparison to the SCM and CRM applications. In consequence, the impact of SCM and CRM might be related with particular activities of the sampled firms that are not captured with the available data. These activities might be related with the firm specific relations with their suppliers or with costumers for the case of SCM and CRM, respectively. Second, SCM and CRM applications tend to be adopted by firms after a basic ICT infrastructure in general, and ERP systems in particular, are adopted successfully.
However, the data permit a testable hypothesis of the previous argument. That is, if there is any complementarity between ICT components that is related with their characteristics and/or timing of adoption, then the interaction terms to be considered simultaneously should be PCW and ERP on the one hand, and ERP and SCM (or CRM) on the other hand.
In this manner, a regression analysis can capture the role of the intensity of ICT use as a determinant to adopt ERP system and, subsequently, provided that ERP systems were adopted successfully, the impact of SCM or CRM should be conditional on the adoption of
ERP. This hypothesis is tested in column 6.
The result presented in column 6 shows that, indeed, the impact of ICT not only depends on the introduction of ICT applications, but the complementarity between ICT components is a determinant of firm heterogeneity. This is highlighted by the significant coefficient of the interaction terms of PCW and ERP, and ERP and SCM (coeff: 0.19, std. error: 0.10 and coeff: 0.13, std. error: 0.07, respectively). Moreover, the observed complementarity is consistent with the previous argument suggesting that such complementarities depend on the characteristics of the considered applications (e.g. timing of adoption). Note again that if ICT is not used intensively, the marginal effect of the particular ICT applications on firm heterogeneity is negative.
In sum, the results of Table 4 show that ICT affects firm heterogeneity only when ICT is used intensively and jointly with particular ICT applications. These results are robust to nonparametric specifications. If ICT impacts productivity positively and induces heterogeneity, it can be argued that ICT represent a source of volatility that stimulates the process of creative destruction. If this is the case, firm strategies should react accordingly, specially strategies that can provide a competitive advantage such as R&D initiatives. This is analyzed in Table   5 for a subsample of firms that reported ICT consulting activities in 2003. This selection was performed in order to consider firms for which ICT infrastructure is important. Table 6 shows that the value and significance level of the coefficients using the full sample are very close to the values reported in Table 5 . However, the specification tests are inconclusive. and Powell (2007) . This approach accounts for censoring and endogenous regressors in a semiparametric setting (nonparametric first stage). Interestingly, the impact is still present although its magnitude is clearly reduced. These results suggest that firm heterogeneity is a factor explaining firms' strategic decisions and that ICT exert an important and independent impact in generating such heterogeneity.
Robustness Checks
This section presents some alternative specifications in order to check the robustness of the main results. In particular, two different alternative specification of the two stage procedure were investigated. First, the specifications presented in Table 5 were estimated for the whole Consistent with the results reported in Table 5 , Table 6 shows that the main results with respect to the impact of ICT induced heterogeneity on the ratio of R&D employees and total employees are maintained when the full sample is considered for the parametric approaches presented in columns 1-4. Although the endogeneity tests suggest the validity of the two stage approach, the overidentification tests are inconclusive in the IV GMM and IV Tobit specifications presented in columns 2 and 4 of Table 6 (i.e. rejection is achieved only at 10%, while in Table 5 Table 5 , including the specification tests. This result suggests that the adoption of ICT is a useful tool to differentiate a given firm from its competitors (i.e. first stage results are significant) and this ICT induced heterogeneity has an independent impact on the firm innovative output (i.e. second stage results).
Conclusions
This paper studies how the adoption of information and communication technologies (ICT) affects firm heterogeneity and thereby contributes to the productivity driven selection mech-anism that determines aggregate productivity growth within industries. Given the well documented existence of high and persistent productivity differences within industries where more productive firms grow faster, exhibit a higher probability of survival and displace low productivity firms, this paper attempts to specifically estimate the role of ICT on such firm heterogeneity. Moreover, to explore the role of ICT induced heterogeneity on the "creative destruction" process, the results are related to observed firm strategies relevant to that process (i.e. R&D incentives and innovation outputs). The results show that ICT has a robust, positive impact on firm heterogeneity only when ICT is used intensively and jointly with specific ICT applications. In addition, the analysis showed that ICT induced heterogeneity is not innocuous: it has a significant and positive, albeit small, impact on the incentives to innovate. These results suggest that firm heterogeneity is a factor explaining firms' strategic decisions and that ICT exert an important and independent impact in generating such heterogeneity.
Appendix A: Blundell and Powell (2007) The previous analysis included a semiparametric estimator proposed by Blundell and Powell (2007) . This estimator takes simultaneously into account the presence of censoring in the dependent variable, as well as the existence of endogenous variables. The proposed estimator follows a two-stage approach, which estimates the censored model:
The variable x i contains a set of regressors including an endogenous regressor, as well as an scalar error term u i . The endogenous regressor can be represented as a possibly nonparametric function of its instruments z i and its corresponding error term v i :
The estimation procedure follows in two stages. First, the conditional quantile
of the dependent variables is estimated used a nonparametric quantile regression (See Appendix B). In the same stage, a control variable v i corresponding to the error of the nonparametric estimation of the endogenous regressor
. Subsequently, in a second stage the coefficients for β i are derived in a weighted least-squares regression following a "pairwise differencing" argument. The estimator is given by:
The variable K v is the kernel function chosen. In this paper, an Epanechikov kernel was employed. The term h n corresponds to the optimized bandwidth derived by a cross-validation method and t i represents a trimming term ensuring that censoring is taken into account.
Standard Errors are derived by bootstrapping with 500 iterations.
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Estimation of the nonparametric kernel regression and nonparametric quantile regression are described in Li and Racine (2007) . Both procedures used kernel estimations with mixed data continuous and categorical data to allow the use of discrete regressors. Importantly, bandwidths for the smoothing parameters are derived by data driven cross-validation methods.
Nonparametric Kernel regression
Li and Racine (2007) propose a method for nonparametric regression that includes both, continuous and discrete regressors. They apply a kernel method based on work of Aitchison and Aitkens (1976) . The nonparametric function consider is:
The vector X i = (X c , X d ) contains continuous, as well as discrete variables. The modified kernel estimator K h,ix = (W h,ix L λ,ix ) contains an estimator for each, continuous variables W h,ix and discrete variables L λ,ix . The resulting kernel function for both variables is defined as:
with h and λε[0, c − 1/c] being non-stochastic smoothing parameter that are derived by a cross-validation bandwidth estimation. W h0 is a kernel function for continuous variables and L(X d i , x d , λ) for discrete variables. The continuous kernel can contain any usual kernel available for continuous data (i.e. Epanechikov or Gaussian), while for discrete variables is Aitchisons and Aitkens (1976) .
The resulting Kernel estimator for both kinds of variables, the joint density function of
Estimation ofĝ x is accounting for the joint density function and derived easily by:
Nonparametric quantile estimation Li and Racine (2007) provide an estimator to derive conditional cumulative distribution function (CDF) nonparametrically by a kernel estimator and to determine the conditional quantile of a function of continuous and dichotomous regressors. Estimation uses the same kernel function as in the nonparametric kernel regression also provided by Li and Racine (2007) . In a first step, the conditional cumulative distribution function (CDF) of Y is estimated:
Importantly, G is a kernel chosen to smooth Y i . After estimation of the CDF the conditional quantile is given by the inverted conditional CDF. Therefore:
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In practice,q α (x) is derived by computation of the following objective function, minimizing For the second stage in column 5 bootstrapped standard errors with 500 replications are reported in parenthesis. *** Significant at 1%.** Significant at 5%. *Significant at 10%.
